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We investigate the quantum noise properties of lasers in which both the laser and pump form resonant cavity
modes. We find that under conditions typical of solid-state lasers small signals placed on the pump beam of
such systems can be found to be amplified on the laser output without incurring the usual 3 dB noise penalty
associated with linear amplifiers. We also show that such systems can be very efficient producers of squeezed
light. @S1050-2947~97!06502-5#
PACS number~s!: 42.50.2pI. INTRODUCTION
An interesting feature of lasers running far above thresh-
old is their ability to generate intensity squeezed light due to
their internal dynamics @1–4#. When strong dephasing pro-
cesses are present ~e.g., phonon collisions in solid-state ma-
terials! such that coherent atomic effects are negligible, two
squeezing mechanisms have been identified: ~i! rate match-
ing @1#, in which the presence of two or more slow rates in
the pumping process results in a reduction of the pump noise
below the quantum noise limit ~QNL! and ~ii! frequency-
dependent squeezing @4#, in which a long storage time for
atoms in the lasing levels results in a noise filtering effect
that can lead to up to 50% squeezing at nonzero frequencies
@5#. Recently it has been shown that rate matching is not
precisely equivalent to regularized pumping @6#.
It is possible to consider the laser as a passive device
which takes in light at the pump frequency and emits it at the
laser frequency. An interesting question to ask is: What is the
maximum conversion efficiency from coherent input to
squeezed output? In previous treatments it has been assumed
that the pump is undepleted, i.e., very low conversion effi-
ciency. In some squeezing systems low conversion efficiency
is intrinsic to the production of strong squeezing @7–9#.
Another interesting question is how signals on the pump
are transferred to the laser output and whether the presence
of the noise reducing mechanisms can reduce the noise pen-
alty for amplification of signals below the quantum limit
usually associated with phase insensitive amplifiers @10#. A
phase insensitive amplifier is one which amplifies signals
and noise on the amplitude and phase quadratures equally.
The phase-amplitude uncertainty relation then requires that
additional noise be added by the amplification. Low noise
amplification is of interest for quantum nondemolition
schemes @11# and communications applications @12#.
In this paper we investigate these questions by consider-
ing lasers in which both the laser and the pump form reso-
nant cavity modes. By adjusting the loss rate of the pump
cavity we can arrange for large pump attenuation to coincide
with the conditions for squeezing. Signals can also easily be
placed on the pump beam.
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Australia.551050-2947/97/55~3!/2326~8!/$10.00In a previous publication @13# we discussed the semiclas-
sical properties of such a laser. It was found to exhibit
bistable operation strongly associated with depletion of the
pump field and the presence of matched rates. Here we find
that for pump cavity decay rates close to where bistability
emerges there is a pump regime in which amplitude signals
on the pump are amplified on the laser output without the
usual degrading of signal to noise associated with the stan-
dard quantum limit for laser amplifiers. There is no phase
relationship between the pump and the laser output; hence
phase signals cannot be transferred from pump to laser. The
amplification is thus phase sensitive. This is similar to the
situation, demonstrated by Roch et al. @14#, in which highly
efficient photodiodes and LED’s are used to detect and then
reemit light, preserving intensity information at the expense
of all phase information. At slightly higher pump powers we
find another interesting regime in which squeezing is pro-
duced with very high conversion efficiency.
The plan of the paper is as follows. In Sec. II, starting
from quite general laser operator equations, we derive the
intensity spectrum for a three-level laser operating well
above threshold using the linearized input-to-output method
@15,16#. In Sec. III we discuss how low noise amplification
and efficient squeezing emerge. In Sec. IV we generalize our
results to multilevel lasers and we show how in principle a
same frequency solid-state noiseless amplifier could be built
by cascading our system. In Sec. V we summarize our work.
II. LASER AMPLITUDE NOISE SPECTRUM
We take as our starting point the following operator equa-
tions of motion ~and their conjugates! for N four-level atoms
@see Fig. 1~a!# interacting with two optical ring cavity modes
@Fig. 1~b!#. The first mode, represented by the annihilation
and creation operators aˆ and aˆ †, respectively, is the lasing
mode. The dipole coupling strength between the lasing mode
and the atoms is g . The second mode, represented by the
annihilation and creation operators bˆ and bˆ †, respectively, is
the pump mode. The dipole coupling strength between the
pump mode and the atoms is gp . A full derivation of these
equations from the Hamiltonian is given in Ref. @5#.
aˆ˙5gsˆ 232kaˆ1A2kmdAˆ m1A2k ldAˆ l , ~1!
bˆ˙5gpsˆ 142kbbˆ1A2kbBˆ ,
sˆ˙ 145gp~sˆ 42sˆ 1!bˆ2
g f
2 s
ˆ 141Ag f~sˆ 13!dCˆ f2Ag2sˆ 24dCˆ ,2326 © 1997 The American Physical Society
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1
2 ~2gP1g t1g!sˆ 23
2A2gPsˆ 23~dCˆ P2dCˆ P† !2Ag t~sˆ 32sˆ 2!dCˆ t
1Ag~sˆ 13!dC†1Ag fsˆ 24dCˆ f†,
sˆ˙ 15gp~sˆ 14bˆ †1s14
1bˆ !1gsˆ 22Ag~sˆ 12dCˆ †1sˆ 121 dCˆ !,
sˆ˙ 25g~sˆ 23aˆ †1sˆ 23
1aˆ !1g tsˆ 32gsˆ 21Ag~sˆ 12dCˆ †1sˆ 121 dCˆ !
2Ag t~sˆ 23dCˆ t†1sˆ 231 dCˆ t!,
sˆ˙ 352g~sˆ 23aˆ †1sˆ 23
1aˆ !2g tsˆ 31g fsˆ 42Ag f~sˆ 34dCˆ f†
1sˆ 34
1 dCˆ f !1Ag t~sˆ 23dCˆ t†1sˆ 231 dCˆ t!,
sˆ˙ 452gp~sˆ 14bˆ †1sˆ 14
1bˆ !2g fsˆ 41Ag f~sˆ 34dCˆ f†1sˆ 341 dCˆ f !,
where sˆ i is the collective population operator for the ith
level and sˆ i j and sˆ i j
1 are the collective Hermitean conjugate
atomic lowering and raising operators between the ith and
j th levels. The field phase factors have been absorbed into
the definition of the atomic operators. The rate of collisional
or lattice induced phase decay of the lasing coherence is
gP . Spontaneous decay occurs at rates g from level 2 to
level 1, g f from level 4 to level 3, and g t from level 3 to
level 2. The laser cavity damping rate due to the output mir-
ror is 2km . The laser cavity damping rate due to other losses
is 2k l . The total laser cavity damping rate is
2k52km12k l . The pump mode damping and pumping oc-
curs through an input-output mirror with a rate 2kb .
The d’s indicate zero-point quantum vacuum fields. They
arise from the coupling of the cavity and atoms to external
reservoirs. They are associated with laser cavity damping
through the output mirror (dAˆ m) and other laser losses
(dAˆ l), atomic spontaneous emission (dCˆ ,dCˆ f ,dCˆ t), and
phase damping of the laser coherence (dCˆ P). The semiclas-
FIG. 1. Schematic representation of the laser model showing ~a!
the energy level scheme of the active atoms and ~b! the cavity
arrangement.sical steady state can be obtained from Eq. ~1! by taking
expectation values and setting the derivatives to zero. Note
that the expectation values of the vacuum fields are all zero.
The semiclassical behavior of this system has been investi-
gated in detail in Ref. @13#.
To solve for the full quantum mechanics we proceed by
assuming we can write the solutions in the scaled linear form
aˆ ~ t !
AN
5a1daˆ ~ t !,
sˆ i~ t !
N 5Ji1ds
ˆ i~ t !,
Bˆ ~ t !
AN
5B1dBˆ ~ t !,
~2!
where a and Ji are the stable semiclassical steady-state so-
lutions to Eq. ~1! for the amplitude per root atom and popu-
lation of level i per atom, respectively. B is the coherent
amplitude per root atom of the pump mode. Without loss of
generality we can take a and B to be real. The quantum
fluctuations daˆ , dBˆ , and dsˆ i are considered small perturba-
tions to the steady state. We also make the following simpli-
fying assumptions.
~i! The upper pump level decays very rapidly (g f very
large!. This ensures undirectional pumping and strong damp-
ing of the pump coherence, both typical of solidstate sys-
tems.
~ii! The phase decay of the laser coherence is very rapid
(gP very large!. This is a good assumption for most atomic
lasers.
~iii! The pump cavity decays very rapidly (kb very large!.
This avoids the complication of frequency filtering of the
pump noise by the pump cavity.
Using these assumptions we can adiabatically eliminate
the equations for bˆ˙ , sˆ˙ 14 , sˆ˙ 23 , and sˆ˙ 4 to obtain a diagonal
three-level system. By substituting Eqs. ~2! into the remain-
ing Eqs. ~1! and retaining only linear terms in the fluctua-
tions we obtain the following linearized equations of motion
for the scaled quantum fluctuations:
dXˆ˙ a5G~dsˆ 32dsˆ 2!a1A2kmdXˆ Am1A2k ldXˆ Al
2AG~J31J2!dXˆ Cp ,
dsˆ˙ 156GA12hdsˆ 11gdsˆ 22AGJ1hdXˆ B2AgJ2dXˆ c
6AGJ1~12h!dXˆ c f ,
dsˆ˙ 25G~dsˆ 32dsˆ 2!a21G~J32J2!adXˆ a1g tdsˆ 32gdsˆ 2
1AgJ2dXˆ c2Ag tJ3dXˆ ct2AG~J31J2!adXˆ Cp , ~3!
dsˆ˙ 352G~dsˆ 32dsˆ 2!a22G~J32J2!adXˆ a2g tdsˆ 3
7GA12hdsˆ 11AGJthdXˆ B1Ag tJ3dXˆ ct
7AGJ1~12h!dXˆ c f1AG~J31J2!adXˆ Cp ,
where we have used the properties of the atomic operators
and the vacuum fields to write the equations in a tractable
form @5#. The quadrature fluctuations of the fields are defined
by
2328 55T. C. RALPHdXˆ a5daˆ1daˆ †, dXˆ Am5dA˜ˆm1dA˜ˆm
†
, . . .
and
dXˆ Cp5i~dC˜ˆ P2dC˜ˆ P
† !. ~4!
The tildes on the input field operators indicate they have
been scaled by the root of the atomic number. The rate G is
proportional to the stimulated emission cross section of the
lasing levels, sS , via
G5
2g2N
gp
5sSrc , ~5!
where r is the atomic density and c is the speed of light in
the medium. Also we have
A12h5
kb22GpJ1
kb12GpJ1
, ~6!
where
Gp5
gp
2N
g f
is proportional to the stimulated absorption cross section of
the pump levels. The left-hand side of Eq. ~6! can be positive
or negative depending on the relative sizes of 2GpJ1 and
kb . Hence
h5
8GpJ1kb
~2GpJ11kb!2
. ~7!
Physically h is the efficiency with which pump light is ab-
sorbed by the lasing atoms.
The boundary condition at the output mirror is @16#
Aˆ out5A2kmaˆ2dAˆ m , ~8!
where Aˆ out is the laser output field. In terms of the amplitude
quadrature fluctuationsdXˆ out5A2kmdXˆ a2dXˆ Am . ~9!
In frequency space Eq. ~9! can be used to eliminate the in-
ternal fields from Eq. ~3! and hence obtain the following
expression for the output amplitude quadrature fluctuations
in terms of the input field fluctuations:
dXout5$@2km2iv2F1~v!#dXAm
1A2kmAGJlhF2~v!dXB
1A2kmAGJ1~12h!F2~v!dXcf
1A2kmF3~v!AgJ2dXc1A2kmF4~v!Ag tJ3dXct
1A2kmAG~J31J2!@12aF4~v!#dXCp
12Akmk ldXAl%/$iv1F1~v!%, ~10!
where the absence of the circumflex indicates Fourier trans-
forms. Hence the amplitude noise spectrum of the output
field, Vout5^udXout u2,&N , is given by
Vout~v!5$@2km2iv2F1~v!#212kmGJ1@F2~v!#2
3$12hVp~v!21%12kmgJ2@F3~v!#2
12kmg tJ3@F4~v!#212kmG~J31J2!
3@12aF4~v!#214kmk l%/@ iv1F1~v!#2,
~11!
where square brackets indicate absolute squares and Vp is the
amplitude noise spectrum of the pump. The functions
Fi(v) are complicated functions of the various parameters
and the semiclassical steady-state values and are given in full
in the Appendix. We wish to consider the situation well
above threshold where the stimulated emission rate has be-
come the most rapid in the problem, i.e., Ga2@G ,k ,g ,g t .
We also assume that losses are insignificant, such that
G ,g@g t and km>k . In this limit Eq. ~11! becomesVout5
v2
v21~2k!21
~2k!2~v21g2!
@2k~g62GA12h!22v2#21v2~4k1g62GA12h!2
@11h~Vp21 !#
1
~2k!2@v21~2GA12h!2#
@2k~g62GA12h!22v2#21v2~4k1g62GA12h!2
. ~12!Under these same approximations the intracavity photon
number per atom is
n5a25
Gg
2k~2G1g! ~13!
andA12h5
~2G1g!~kb/2Gp!2g
~2G1g!~kb/2Gp!1g
, ~14!
hence the efficiency of pump absorption is
h512S ~2G1g!~kb/2Gp!2g~2G1g!~kb/2Gp!1g D
2
~15!
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field flux is given by
nb5B25S g2G1g 1 kb2GpD
2 GGp
2kb
. ~16!
The fact that Eq. ~16! is cubic in G leads to the possibility
that a particular value of the pump field flux can be satisfied
by more than one value of the pump rate and hence, through
Eq. ~13!, bistability of the laser output @13#.
In the next section we will discuss the properties of the
spectrum, Eq. ~12!.
III. SQUEEZING AND LOW NOISE AMPLIFICATION
The first thing to notice about the laser amplitude noise
spectrum @Eq. ~12!# is that in the limit that kb@2Gp it re-
duces to the previous results for a laser well above threshold
@1,4,5#. Physically in this limit cavity effects are negligible
and very little of the pump is absorbed (h!1). Let us con-
sider first effects at zero frequency. Maximum squeezing of
50% is obtained when the pump and decay rates are
matched, i.e., 2G5g .
If the decay rate of the pump cavity is reduced the pump
absorption is increased until, when kb52Gp , the pump is
totally absorbed at threshold. With significant absorption the
normal matching condition becomes 2GA12h5g . This
would seem to imply that a higher pump power is required to
reach matching; however, the increased efficiency of the
pumping process means that actually a lower pump flux is
required @see Eq. ~16!#. If the decay rate of the pump cavity
is reduced still further then the point of total pump absorp-
tion moves to nonzero pump rates. The parameter A12h
changes sign through the point of total pump absorption. At
pump rates below the point of total absorption A12h is
negative, which allows for a resonance in the spectrum that
can lead to amplification of fluctuations. At pump powers
above the point of total pump absorption squeezing due to
rate matching is still present, the maximum unaffected by the
high level of pump absorption. As the point of total pump
absorption moves to higher powers the resonance becomes
stronger until, when 2Gp58kb , an exact cancellation be-
comes possible for a pump flux of 716g . This marks the onset
of bistability. Hence the amplification can be seen to be due
to the instability associated with the bistability. These fea-
tures are highlighted in Fig. 2, which shows zero-frequency
noise with a coherent input as a function of pump flux for
various values of the pump decay rate.
An interesting question is whether the amplification of
pump signals in the pump power region below total absorp-
tion is accompanied by the same noise penalty as encoun-
tered with phase insensitive amplifiers. The amplification is
phase sensitive in the sense that the approaching bistability
causes amplification of amplitude fluctuations but not phase
fluctuations. It should be noted that both amplitude and
phase fluctuations are amplified on the pump field but ab-
sorption transfers only amplitude fluctuations to the laser
output. We find indeed that for a range of pump powers close
to the point of total absorption the noise figure (R) for the
amplification is reduced below that expected for a linear am-
plifier. The noise figure is defined in the usual way as theratio of the input signal to noise to the signal to noise of the
output. In Fig. 3 we plot R for amplification at zero fre-
quency versus pump power. The pump is assumed to be
coherent. For comparison we include the expected figure for
a linear amplifier with the same level of amplification. Also
shown is the signal amplification. Significantly improved
performance is observed with amplifications of around 10
dB.
We can estimate the minimum noise figure that can be
FIG. 2. Zero frequency (v50) amplitude noise as a function of
the pump flux for three-level model with a coherent pump
(Vp51). Parameters are scaled by the lower lasing level decay rate
such that g51, k51 and ~a! kb/2Gp51.0, ~b! kb/2Gp50.25, ~c!
kb/2Gp50.125, and ~d! kb/2Gp50.1.
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set
2GA12h52gS 12 1AH D ~17a!
in Eq. ~12! and simultaneously be close enough to the point
of complete absorption that we can take
11h~Vp21 !>Vp . ~17b!
At frequencies close to zero Eq. ~12! then reduces to
Vout5HVp1~AH21 !2 ~18!
and hence a noise figure
Rp5
2~H2AH !11
H . ~19!
This is to be compared with the standard result for a phase
insensitive amplifier:
Vout5HVp1H21 ~20!
and
Rpi5
2H21
H ~21!
FIG. 3. ~a! Noise figure for three-level laser at zero frequency
(Rp) as a function of pump flux. Also shown is the result for a
phase insensitive amplifier (Rpi). Parameters as for Fig. 2 with
kb/2Gp50.126. ~b! Signal gain (H) as a function of pump flux for
the same parameters.for a coherent input. Provided H is not too large a clear
improvement is obtained with the matched system, for ex-
ample for H510, Rp51.67 dB ,Rpi52.78 dB. This is in
good agreement with Fig. 3.
Conditions ~17! are most easily satisfied when the pump
cavity decay rate is such that we are very close to the point at
which bistability will occur and hence best noise perfor-
mance is obtained close to the bistability. In fact a low noise
amplification region is still present when the system has be-
come bistable. However, it is very close to the lower switch-
ing point of the upper branch and would be very unstable.
The noise performance rolls off with frequency due to the
filtering effect of the laser cavity. Figure 4 shows a spectrum
illustrating this effect. In the next section we will discuss the
effect of increasing the number of matched rates.
IV. MULTILEVEL LASERS
It is known that increasing the number of matched rates in
the pump cycle in the undepleted pump regime will increase
the squeezing obtained @1#. We now investigate whether
squeezing is still improved and if lower noise amplification
is possible if the number of matched rates is increased with
strong pump depletion. From the form of Eq. ~12! it can be
seen that the zero-frequency variance becomes
Vout5
~g1g!
2
~gg162Gg1A12h1GgA12h!2
@11h~Vp21 !#
1
~2Gg1A12h!21~GgA12h!2
~gg162Gg1A12h1GgA12h!2
~22!
when an additional rate, g1, is included ~this can be con-
firmed by a full calculation!. In addition we now have
A12h5
~2Gg11gg11Gg!~kb/2Gp!2gg1
~2Gg11gg11Gg!~kb/2Gp!1gg1
~23!
and
nb5B25S gg12Gg11gg11Gg 1 kb2GpD
2 GGp
2kb
. ~24!
FIG. 4. Noise figure for three-level laser (Rp) as a function of
frequency at pump flux nb50.425. Horizontal line is the result for a
phase insensitive amplifier. Parameters as for Fig. 3.
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still be obtained for pump absorptions approaching unity
when the matching condition 2GA12h52g15g is satis-
fied. Also if we estimate the minimum noise figure of the
system as before we find that Eq. ~22! reduces to
Vout5HVp1 12 ~AH21 !2 ~25!
when
~2g11g!GA12h52gg1S 12 1AH D
and
2g15g . ~26!
A further improvement is seen in the noise performance with
the noise figure now
Rp5
3
2H2AH1 12
H . ~27!
Significantly, a 1.25 dB improvement over the phase insen-
sitive amplifier remains even in the limit of high gain. In Fig.
5 we use Eq. ~22! to plot the noise figure for amplification at
zero frequency versus pump flux for this system. Once again
for comparison we include the expected figure for a linear
amplifier with the same level of amplification. Not only is
the maximum improvement increased, but also the range of
pump powers for which an improvement is seen is broad-
FIG. 5. ~a! Noise figure for four-level laser at zero frequency
(Rp) as a function of pump flux. Also shown is the result for a
phase insensitive amplifier (Rpi). Parameters as for Fig. 3 with
g i50.5. ~b! Signal gain (H) as a function of pump flux for the same
parameters.ened. In fact, just as the maximum squeezing keeps improv-
ing with the addition of extra levels with matched transition
rates such that
Vsq5
1
m21 , ~28!
where m is the number of levels in the system @1#, so we can
also write down a general expression for the noise perfor-
mance
Vout5HVp1
1
m22 ~
AH21 !2 ~29!
(m.2) and hence a minimum noise figure of
Rp5
~m21 !H22AH11
H~m22 ! . ~30!
As the number of levels increases the noise figure ap-
proaches the optimum value of 1.
One drawback to our system from the point of view of
what is generally regarded as an amplifier is that the output
beam is a different frequency to the input beam. In Fig. 6 we
show in principle how the same frequency amplification
could be achieved by cascading two lasers. Although the
active atoms in the two lasers are the same the host material
would be chosen such that the nonradiative decay rates in the
first laser were reduced @17#. The first laser would be oper-
ated as an up-conversion laser with two pumps @18#. One of
the pumps would be made to form a resonant cavity mode
and operated close to the bistability point as in the preceding
theory. This would be the input beam to the amplifier. The
laser output of the first laser would carry a low noise ampli-
fication of fluctuations and signals of the input beam. This
laser output would then be used to pump the second laser and
hence convert the light back to the input beam frequency. As
the decay rates in the second laser are rapid the second laser
output will just be a copy of the fluctuations and signals on
the first laser output. This can be seen from Eqs. ~12! and
~16! at zero frequency, with 2Gp>kb and g@G . This could
be achieved approximately in practice without a resonant
pump mode by simply having a sufficient optical depth that
all the pump light is absorbed in a single pass. The output of
the second laser is then the amplifier output. It will be the
same frequency as the input beam and carries a low noise
amplified version of the input signals. Improved performance
can be achieved by increasing the number of steps in the
up-conversion process of the first laser.
FIG. 6. Schematic representation of single frequency amplifier.
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We have investigated the quantum noise properties of la-
sers operating in the rate matching regime under conditions
in which the pump beam is strongly depleted. To do this we
have considered a system in which the pump beam also
forms a resonant cavity mode. By varying the pump cavity
decay rate we are able to change the impedance matching
condition of the pump to the atom-cavity system and hence
obtain total pump absorption at various pump powers.
We find that the noise characteristics of the system
change markedly as the point of total pump absorption
moves to higher pump powers. Rate matched squeezing only
emerges at pump powers above the point of total absorption
of the pump. The maximum squeezing is unaffected by the
pump absorption which leads to the prediction that for a
many-leveled system strong squeezing can be produced with
close to unit efficiency. The range of pump powers for which
squeezing is present is narrowed, however, as the point of
total pump absorption nears the matching condition.
At pump powers below the point of total pump absorption
there is a region of amplified fluctuations. We find in this
region that signals on the pump beam can be amplified onto
the laser output without suffering the usual noise penalty
associated with phase insensitive amplifiers. As for the
squeezing the amplification noise penalty is reduced further
with more matched rates, approaching the ideal limit of 0 dB
in the limit of very many levels.
The system becomes bistable when the point of totalpump absorption moves to high enough pump flux. The am-
plification of fluctuations becomes very large at the switch-
ing point. We hence see an intimate connection between low
noise amplification and bistability in this system. A region of
low noise amplification is still present in the bistable region
very close to the lower switching point on the upper branch.
Squeezing is still present on the upper branch.
We have proposed a system of two cascaded lasers which
could produce same frequency low noise amplification. The
first laser would be the amplifying laser and would be oper-
ated in an up-conversion configuration. The output of the
first laser would then be used to pump the second laser in a
standard laser configuration. To implement this scheme it
would be necessary that the nonradiative decay rates in the
first laser were significantly slower than in the second laser.
Properties similar to those required have been realized in
fiber lasers with fluoride ~first laser! and silica ~second laser!
glass hosts. It should be noted that postamplification losses
are not as destructive to low noise amplification as they are
to squeezing. This is because after amplification the signal
and noise are both well above the quantum noise limit. On
the other hand fiber lasers possess extraneous noise sources
which could limit low noise amplification.
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This appendix contains the definitions of the functions that appear in Eqs. ~10! and ~11!.
F1~v!5
G2a2~J32J2!~2iv1g62GA12h!
~ iv6GA12h!~ iv1g12Ga21g t!1g~Ga21g t!
,
F2~v!5
Ga~ iv1g2g t!
~ iv6GA12h!~ iv1g12Ga21g t!1g~Ga21g t!
,
F3~v!5
Ga~ iv62GA12h1g t!
~ iv6GA12h!~ iv1g12Ga21g t!1g~Ga21g t!
,
F4~v!5
Ga~2iv62GA12h1g!
~ iv6GA12h!~ iv1g12Ga21g t!1g~Ga21g t!
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